An in-line fibre ring cavity is fabricated by writing two blazed gratings next to each other to form a Fabry Perot cavity. A visibility of fringes as good as 0.032 in the reflection spectrum and 0.76 for transmission is obtained for the interference between the forward propagating guided mode and the reverse propagating ghost mode of the blazed grating. The ability to measure the external refractive index and the variability of this response with cavity length is demonstrated.
Introduction
One of the key fields of research in the field of fibre optic sensing is multi-parameter sensing [1] , i.e. being able to measure with the one fibre sensor a number of different parameters of the environment in which it is placed (such as strain, temperature, pressure, etc.). It is desirable for either of the situations where it is necessary to correct for an unwanted cross sensitivity of a sensor to another parameter (such as the strain-temperature cross sensitivity of a Fibre Bragg Grating (FBG) or a Long Period Grating (LPG)) or simply where being able to monitor a wider range of properties independently with the one system is useful. The crude approach to multi-parameter sensing is to use a number of sensors at each location, each of which are designed to have a different ratio of the various sensitivities of the desired measurands. Examples of this include: packaging two FBGs such that one isn't subject to the one measurand, e.g. the strain field [2] , writing FBGs having notably different wavelengths [3] or of different types (e.g. type I, type II, etc.) [4] , writing FBGs on fibre having a different diameter [5] or different dopant concentration [6] and the use of two different fibre sensors, such as FBGs and LPGs [7] [8] , or FBGs and Fabry-Perot (FP) cavities [9] . A more advanced approach is to design a sensor that has a number of different properties intrinsic to itself, all of which can be used to independently determine several external properties for measurement. Some examples of such devices include: the use of Brillouin scattering [10] (which also allows for distributed sensing of the measurands to be determined at arbitrary distances along the length of the fibre), the use of two different polarisation modes of a fibre [11] , an FBG where the first order and second order peak have different sensitivities [12] , an FBG written on tapered fibre where, due to the taper, the bandwidth varies as well as the Bragg wavelength [13] , and a regular LPG, as the different cladding modes have quite different sensitivities [14] . In this paper, blazed gratings will be investigated for their potential for use as a multi-parameter sensor. The particular gratings will make use of a Fabry Perot structure of the gratings which gives the additional property intrinsic to itself of the cavity quality factor (Q factor) allowing multi-parameter sensing, as well as meeting the spectral requirements that allow the grating to be multiplexed using Wavelength-frequency Division Multiplexing (W*DM) [15] [16] . A blazed grating is a grating that has been written at an angle w.r.t. the cross-section of the fibre. This angle breaks the symmetry of the fibre such that light is reflected preferentially into the cladding modes of the fibre rather than simply being sent straight back into the guided mode. The spectrum of a blazed fibre grating is shown in figure 1 . The Bragg peak corresponding to guided mode to guided mode reflection is the peak in the spectrum having the highest wavelength. The next strongest peak is the ghost mode (a highly resonant cladding mode). The remaining peaks are the resonant cladding modes of the blazed grating. Blazed gratings have found applications as flattening filters for doped fibre amplifiers [17] and side tap gratings [18] where part of the light in the fibre at a certain wavelength or wavelength range is tapped off to monitor the light within the fibre without disrupting its propagation through the fibre. Because of their cladding mode effects, blazed gratings allow the potential for multi-parameter sensing. The Bragg mode, the ghost mode and all the various cladding modes of blazed gratings have all the same wavelength sensitivity to strain and temperature as do standard FBGs. As such, wavelength measurements of the various modes doesn't allow for the ability to extend measurement from a single parameter type to a multi-parameter type. Amplitude measurements on the other hand do. For the cladding modes, the visibility of the mode structure will depend on the external refractive index [19] . When the surrounding refractive index is significantly lower than that of the fibre cladding, the mode structure is clearly seen. When the refractive index matches that of the cladding, the resonant structure disappears altogether. A measure of the cladding mode structure can thus account for the refractive index of the surrounding medium. This still doesn't allow one to distinguish between strain and temperature, but it does, however, allow one to distinguish between the external refractive index and a combination of strain and temperature which can be determined by other means. The drawbacks to using such a sensor is that the cladding modes of a blazed grating occupy such a large amount of the spectrum it makes multiplexing them using Wavelength Division Multiplexing (WDM) over the C band impossible. Long Period Gratings (LPGs) have also been used for multi-parameter sensing. The different strain and temperature responses of the various modes allow one to separate out these effects and monitor them independently [20] . LPGs can also be used to monitor the refractive index of the material surrounding the fibre as the effective index of the cladding modes (on which mode coupling for LPGs is based) is dependant on the external refractive index. A change in the surrounding refractive index will cause a wavelength shift and change the transmissivity of the cladding mode resonances [21] . Furthermore, the cladding modes will leach out due to the mismatch between the external refractive index and that of the cladding. Measuring the power in the cladding modes thus allows one to monitor the external refractive index. Such measurements can be made using cascaded LPGs [22] . One LPG couples light out into the cladding modes and the other one interferometrically couples some of it back in. Depletion of the cladding modes due to a refractive index mismatch will cause there to be less light to provide interference with the guided mode. However sensing with LPGs can be complicated due to their cross-sensitivity with a number of different measurands. Another alternative is to make use of the ghost mode coupling. The term "ghost mode" was used by Jaynes to describe a highly resonant mode localised around a defect in a waveguide or a periodic structure [23] . Although somewhat misnamed for the case of fibre Bragg gratings, the defect around which this ghost mode is "localised" is the asymmetry of the grating itself, which is normally due to the blaze angle. The ghost mode has been shown to be due to coupling from the guided LP 01 mode to either the backreflected LP 11 mode [24] or potentially due to higher order modes [25] . This mode will eventually leak out leaving no evidence of it in reflection yet a dip in the transmission spectrum; hence its ghost-like quality. The amount of coupling to the ghost and Bragg modes is dependant on the blaze angle of the grating. Erdogan and Sipe have shown that the coupling to the Bragg mode is fairly constant with increasing blaze angle until about 5° from whence it rapidly decreases; disappearing entirely at a certain critical angle [26] . The stronger the grating, the more sudden the change in coupling with blaze angle is. Fibres with different refractive index profiles, such as photosensitive cladding fibre, will have a different critical angle, not to mention an entirely different shape to the blaze angle response of the Bragg mode coupling coefficient [27] . The coupling with angle has also shown to be different for different modes [28] . Thus a blazed grating allows potential application for use as a multi-parameter sensor by measuring both the Bragg wavelength shift as well as the blaze angle from the amount of light coupling into the ghost mode [29] . The ghost mode can be used to measure the surrounding refractive index, as was the case for the cladding modes, by making use of a resonant cavity structure, as shown in figure 2 , where the level of interference between the two blazed gratings will change according to how much light is leaked out from the returning cladding mode. When the surrounding refractive index matches that of the cladding of the optical fibre, the cladding mode completely leaks out and thus there is no cladding mode to reach the second grating and cause interference. When the surrounding refractive index is sufficiently lower than that of the cladding of the optical fibre, the cladding mode propagates with hardly any loss and can thus recouple to the guided mode when it reaches the second blazed grating causing a good deal of interference. The amount of interference is measured by the visibility of fringes seen in the transmission loss band of the ghost mode spectrum. The relation between the visibility of fringes and the refractive index is strongly nonlinear, monotonically decreasing with refractive index going from the critical value of 1 to that of the cladding of the optical fibre. This effect can be tuned according to the spacing between the gratings. The larger the spacing the greater the attenuation of the cladding modes and thus the more rapidly the drop off of the visibility of fringes with external refractive index is. As can be seen from figure 1, the cladding modes of a blazed grating are too strong to allow multiplexing using WDM with other blazed gratings. Due to the fringes that exist in the Bragg and ghost mode spectrum, another option would be to use W*DM to multiplex sensors having different cavity lengths [15] [16] . The visibility of fringes can be read directly from the corresponding window of the relevant sensor in the power spectrum of the Fourier domain spectrum of the ghost mode(s). Care must be taken, however, as spectral shadowing, when not properly compensated for, acts to reduce the amplitude in the Fourier domain thus giving a lower reading for the visibility of fringes than is actually occurring. This can be compensated by taking a reference measurement of the visibility of fringes of the Bragg mode by looking at its amplitude in the Fourier domain. Sensors that are designed to have the same transmission loss of the Bragg and ghost modes should give an equivalent amount of spectral shadowing effects to both the Bragg and ghost mode bands provided that no Bragg mode of one sensor overlaps a ghost mode of another sensor.
Experiment
Two Blazed Fabry Perot Gratings (BFPGs) were fabricated in highly photosensitive boron codoped germanosilicate fibre. The fibre had been hydrogen loaded by soaking it in hot hydrogen under pressure so as to increase its photosensitivity. The gratings were fabricated using holographic side exposure [30] by interfering the ±1 orders of a phase mask on the fibre core [31] . The blaze of the grating was achieved by rotating the phase mask about its surface by the desired blaze angle. The blaze angle on the gratings was chosen to be approximately 4°; at just a little below the critical blaze angle for this type of fibre so as to get a good reflectivity for both the Bragg and ghost modes. BFPG1 was fabricated by writing two gratings to give a cavity spacing of 15mm whereas for BFPG2 the cavity spacing was 30mm. The gratings were thermally aged by annealed them at 300°C for 5 minutes; leaving them in an oven overnight at 80°C allowed the hydrogen to outgas from the rest of the fibre. Each grating was in turn immersed in water (refractive index = 1.33) and paraffin oil (refractive index = 1.42) and the transmission spectrum monitored. The results are shown in figure 3 and figure 4 for BFPG1 and BFPG2 respectively. It can be seen that the visibility of fringes remains unchanged for the Bragg peak no matter what medium the fibre is immersed into. Such is not the case, however, for the ghost mode resonance. Whereas there is still a good degree of visibility of fringes to be seen when immersed in water, paraffin oil almost washes them out completely. The visibility of fringes for the transmission spectrum in figure 3 is calculated to be 0.76; also giving an associated visibility of fringes in reflection of 0.032 showing that the cavity is only very weakly resonant, yet still with the ability to obtain good fringe contrast using transmission measurements. BFPG1 and BFPG2 were then immersed in 80% and 40% Brix sugar solutions respectively. The transmission spectra of the gratings were monitored as the solutions were gradually diluted. The external refractive index was calculated from calibration tables for known sugar solution concentrations. Two separate Fourier transforms were applied to the data sets around the ghost peak and the Bragg peak. The peak in the magnitude spectrum corresponding to the wavelength frequency of the interference was taken for both cases. The ratio of this value for the ghost peak and the Bragg peak gave the visibility ratio which is plotted as a function of the external refractive index in figure 5 and figure 6 for BFPG1 and BFPG2 respectively. The more rapid response change of the longer cavity BFPG2 at lower external refractive indexes can be clearly seen from these figures. Thus a measure of tuneability of the response has been achieved through varying the size of the cavity. Figure 5 . Response of the visibility of fringes of the ghost mode to the external refractive index for BFPG1. Figure 6 . Response of the visibility of fringes of the ghost mode to the external refractive index for BFPG2.
Conclusion
Two in-line in-fibre ring cavities were fabricated having resonances giving visibility of fringes of 0.032 in reflection and 0.76 in transmission. The ability of these to be used as a multi-parameter sensor was shown by making use of its spectral response to the external refractive index. Tuneability of this response was obtained by varying the cavity length.
